A recombinant DNA plasmid, pBR322-GHl, which contains about 80% of the sequences of rat pregrowth hormone (pGH) mRNA, allowed an analysis of nuclear RNA from GH3 cells for possible precursors of cytoplasmic pGH mRNA. A single 20-22S RNA species about 2-3 times larger than pGH mRNA was detected in nuclear RNA from GH3 cells labeled for 5 min. with 3H-uridine. After longer label times a 12S RNA indistinguishable in size from cytoplasmic 12S pGH mRNA became the predominant labeled RNA complementary to the plasmid pBR322-GHl. Both of these nuclear RNA species contained poly(A). Kinetic analysis of the labeling of nuclear and cytoplasmic pGH mRNA sequences showed that the 20S and 12S nuclear RNA molecules were labeled before significant labeling of cytoplasmic pGH mRNA was detected, and also indicated that there is complete conservation of nuclear pGH mRNA sequences in the production of cytoplasmic pGH mRNA. These results indicate that cytoplasmic pGH mRNA is generated by nuclear processing of a larger nuclear RNA molecule.
INTRODUCTION
A solution to the question of the level or levels at which regulation of gene expression occurs in animal cells will require detailed knowledge concerning a variety of specific genes. The availability of techniques for preparing and amplifying DNA complementary to a single mRNA will certainly facilitate this goal (1, 2) . One category of genes that is a popular choice for studying gene regulation code for proteins whose level increases dramatically following hormone treatment. Examples of such genes, currently under investigation, are those coding for egg white proteins (3, 4) , tumor virus (5), vitellogenin (6) , n 2u -globulin (7), prolactin (8, 9, 10) , and growth hormone (11, 12, 13 ).
An attractive feature of studies of prolactin and growth hormone production is the existence of related clonal cell lines (termed collectively "GH-cells") derived from a rat pituitary tumor, that produce one or both of the pituitary proteins growth hormone and prolactin in culture (14, 15) . A number of recent studies have shown that glucocorticoid (16, 17, 18) and thyroid (17, 18, 19) hormones increase the amount of pregrowth hormone mRNA in these cultured cells, while thyrotropin-releasing hormone increases the amount of preprolactin mRNA (9, 20) .
A long-range goal of our work is to establish whether glucocorticoid and thyroid hormones bring about an increase of pregrowth hormone mRNA (pGH mRNA) due to increased transcription or some post-transcriptional event. This requires a specific probe to be used in the study of the synthesis and processing of nuclear RNA containing pGH mRNA sequences, and the measurement of the conservation of these sequences in the production of cytoplasmic pGH mRNA. Using recombinant DNA techniques we have previously constructed a plasmid, pBR322-GHl, that contains approximately 700 of the ^1000 bases in rat pGH mRNA (21) . By hybridization of labeled nuclear RNA from GH^ cells to this plasmid DNA, we have detected a nuclear RNA molecule containing pGH mRNA sequences that is approximately 2.5-3.0 kb in size, i.e., about 2 to 3 times larger than the mature cytoplasmic mRNA. It appears that this nuclear RNA is a poly(A)-terminated precursor to cytoplasmic pGH mRNA.
EXPERIMENTAL PROCEDURES Cell Growth_and Labeling, and RNA Isolation GH, cells were grown as described previously (22) . To stimulate the levels of pGH mRNA, the cells were grown for 2-3 days before and during labeling in the presence of either 500 nM dexamethasone (16) or 500 nM dexamethasone plus 50 nM triiodothyronine (18) . Labeling of cells is described in the individual figure legends. Follov/ing the labeling period, cells were lysed with 0.5% NP-40 in isotonic-high pH buffer (0.14 M NaCl, 0.01 M Tris-HCl pH 8.4, 0.0015 M MgCl 2 ), and the nuclear and cytoplasmic RNA were prepared as described previously (23, 24, 25) . Nuclear and cytoplasmic poly(A)-containing RNA was selected by poly(U)-Sepharose chromatography (26).
Isolation of Plasmid DNA E. coli strain X1776, harboring pBR322-GHl (a plasmid containing about 700 of the 1000 nucleotides in pGH mRNA), was grown in L-broth containing 100 yg/ml diaminopielic acid, 40 vg/ ml thymidine and 25 yg/ml ampicillin (21) . The plasmid copynumber was amplified by the addition of 15 yg/ml chloramphenicol to the cultures, and the plasmid DNAs isolated by a modification of previously described procedures (27, 28) . Growth of bacteria and isolation of recombinant plasmid DNA was conducted in a P3 biocontainment facility as specified by the N.I.H. Guidelines for Research Involving Recombinant DNA Molecules issued in June, 1976.
DNA-excess hybridization. Plasmid DNA was denatured in 0.1N NaOH at 100°C for 5 min. and bound to 25 mm Millipore HA nitrocellulose filters under alkaline conditions as described by Melli et al. (29) . Hybridization of labeled RNA to an excess of filter-bound DNA was performed in 2 X TESS (0.01 M TES {N-tris (hydrozymethyl) methyl-2-amino-ethene sulfonic acid} pH 7.4, 0.5 M NaCl, 0.01 M EDTA, 0.2% SDS) at 65°C for 40 hr. Following hybridization, RNAse-resistant hybrids were measured as previously described (30) . In some cases the supernatants of the hybridization reactions were re-hybridized to filterbound DNA to ensure that hybridization was complete. RNA Size Fractionation a) DMSO-sucrose gradient centrifugation. Linear 5-20% (w/v) sucrose gradients in 99% DMSO (containing 0.01 M Tris-HCl pH 7.4, 0.001 M EDTA) were prepared (31) . RNA samples were dissolved in 0.1 ml ETS (0.01 M Tris-HCl pH 7.4, 0.01 M EDTA, 0.2% SDS). DMSO, 0.4 ml, was then added and the samples were heated at 65°C for 2 min., after which the samples were layered onto the gradients. Centrifugation was performed in an SW27 rotor at 27,000 rpm, 29°C for 70 hr. Gradients were fractionated, each fraction was diluted with 1 volume of 0.2 M NETS (0.2 M NaCl in ETS), and the RNA precipitated by the addition of 3 volumes ethanol (-20°C).
b) Polyacrylamide-agarose gel electrophoresis. Nuclear poly (A) containing RNA from GH_ cells was denatured and subjected to electrophoresis through 2.7% acrylamide-0.14% bis-acrylamide-O.5% agarose gels, fractionated into 2 mm slices, and eluted for hybridization as described (32) .
RESULTS

Specificity of Analytical Techniques
We have previously demonstrated that when labeled cytoplasmic poly(A)-containing RNA isolated from another strain (GO of rat pituitary cells is analyzed on a non-denaturing sucrose gradient, filter-bound pBR322-GHl DNA will specifically hybridize a 12S peak corresponding to pGH mRNA (21) . The specificity of the techniques employed in the present investigations was demonstrated as follows. Total cytoplasmic RNA from GH, cells 3 labeled with H-uridine was denatured and analyzed on a 99% DMSO-sucrose gradient, and fractions were hybridized to excess filter-bound pGHl DNA. A discrete hybridizable 12S peak corresponding to pGH mRNA was detected (Fig. 1) .
Size of Nuclear Molecules Containing Pregrowth Hormone mRNA Sequences
We next examined the size of the nuclear growth hormonespecific RNA labeled during the shortest labeling period consistent with the accumulation of sufficient labeled RNA to accurately measure the pGH specific RNA. In order to detect a peak of growth hormone-specific RNA in the total nuclear RHA we 7 8 had to assay the nuclear RNA from at least 5 x 10 to 10 cells labeled for 5 min. with at least 5mCi of H-uridine. In addition to the large amount of radioactive nucleoside necessary to obtain sufficient label in the RNA transcribed from a single gene, a limitation of such experiments is the large amount of RNA that must be analyzed. We have found that the most practical and reproducible technique of size examination of total nuclear RNA that is completely free of aggregation is sedimentation through DMSO-sucrose gradients (Fig. 2) . A series of DMSO sedimentation analyses of labeled nuclear growth hormonespecific RNA after various label times is given in Fig. 2 .
After 5 min. of exposure to H-uridine only a 20S growth hormone-specific nuclear RNA peak was observed ( Figs. 2A and E) . To investigate the processing of this 20S species, longer periods were employed. After a 15 nin. label (Fig. 2B) , the Total cytoplasmic RNA was isolated from GH3 cells (1.7 x 107) which had been grown in the presence of dexamethasone and labeled for 48 hr. with 3H-uridine (40 pCi/ml). Following analysis of the RNA on a DMSO-sucrose gradient as described in Experimental Procedures, the gradient was collected in 53 fractions. An aliquot (6%) of the RNA recovered in each fraction was hybridized with 8 ng of filter-bound pBR322-GHl DNA. (A-A), total cpm in each fraction (•-•), hybridized cpm in 6% of each fraction. Sedimentation was from right to left.
20S molecule was still the predominant growth hormone-specific species present, but a shoulder at about 12S (Fig. 2B, fraction  12 ) was detected. By 30 min. of labeling the 12S species had become the major class of hybridized RNA (Fig. 2C, fraction 11 ) and remained so after either a 60 min. label ( Fig. 2D and G) or a 150 min. label (Fig. 2H) .
These results suggested that the 2OS growth hormonespecific RNA species could be either the primary transcript or the first processed product of the growth hormone gene. The data also suggest that this 20S species is processed within the nucleus into a 12S RNA molecule, i.e., a molecule about the size of cytoplasmic pGH mRNA. However, the latter conclusion must be regarded as tentative, in part due to insufficient resolution of molecules 1 to 2 kb in size in the DMSO-sucrose gradients. Figure 2. Sedimentation profile of pulse-labeled nuclear RNA complementary to pBR322-GHl DNA. GH3 cells (2 x 108) which had been grown in the presence of dexamethasone were in different experiments labeled for various times with 3 H-uridine (0.2 to 0.4 mCi/ml; the higher concentrations were for the 5 or 15 min. time points). Total nuclear RNA was isolated and sedimented thorugh a DMSO-sucrose gradient. Fig. 2A was sedimented and collected identically to Fig. 1 ; all of the other gradients were collected in 30 to 40 fractions after similar times of sedimentation. The markers, 28S and 18S RNA, were ribosomal RNA. Following removal of a small aliquot for determination of total radioactivity, the entire RNA recovered in each fraction was hybridized with 25 to 50 vg of filter-bound pBR322-GHl DNA which is equivalent to about 2.5 to 5 ygm of DNA complementary to pGH. Total hybridizable cpm in .^ach fraction (-•-). The dashed line in Fig. 2A is total radioactivity and the highest peak was 3.1 x 10 6 cpm. The labeling periods employed were: A,E, 5 min.; B, 15 min.; C,F, 30 min.; D,G, 60 min.; H, 150 min.
Resolution by Gel Electrophoretic Analysis of Poly(A)+ Nuclear Molecules Containing Pregrowth Hormone mRNA Sequences
The location of the poly(A) site and the addition of poly(A) is one of the earliest of nuclear processing steps involved in the production of eukaryotic messenger RNA. In order to determine which of the nuclear growth hormone-specific RNA molecules contains poly(A), and to better resolve the various sized molecules, GH^ cells were labeled with H-uridine for 20 min. Poly (A) nuclear RNA was selected and analysed by gel electrophoresis. Hybridization of the RNA from individual fractions to filter-bound pBR322-GHl DNA revealed two welldefined peaks migrating at about 20S and 12S, respectively 32 ( Fig.  3A ). An identical analysis of P-labeled cytoplasmic poly(A) + RNA isolated from GH. cells revealed a single 12S species of hybridizable RNA (Fig. 3B ) whose mobility was indistinguishable from that of the nuclear 12S species.
20
Fraction number Figure 3 . Gel electropherogram of pulse-labeled poly(A) containing nuclear RNA complementary to pBR322-GHl DNA.
A. GH3 cells (2 x 10 8 ) were grown in the presence of dexamethasone, and labeled with 3H-uridine (0.5 mCi/ml) for 20 min. Nuclear poly(A)-containing RNA was isolated and analyzed by gel electrophoresis as described in Experimental Procedures. Following elution of the RNA in each fraction with 2 x TESS at 65°C for 48 hr., the RNA was hybridized to 50 yg filter-bound pBR322-GHl DNA. The position of 18S and 28S rRNA on a parallel gel is indicated by the arrows.
B. Cytoplasmic poly(A)-containing RNA was isolated from GH3 cells which had been labeled for 5 hr. with 32p. The labeled RNA was fractionated, and analyzed as in A by hybridization to 50 yg of filter-bound pBR322-GHl DNA.
Accumulation of Growth Hormone-Specific RNA Molecules in the Nucleus and Cytoplasm
The accumulation kinetics of labeled pGH mRNA sequences in the nucleus and cytoplasm of the GH^ cells was measured in order to estimate the conservation of these seouences, as has been done for adenovirus nuclear and cytoplasmic mRNA sequences (33) . Following various labeling times, the total nuclear RNA and the cytoplasmic poly(A)+ RNA were extracted, and radioactivity in pGH mRNA sequences measured by hybridization to filter-bound pBR322-GHl (Fig. 4) min.
There was a lag of about 15-30 min. before significant labeling of cytoplasmic pGH mRNA was detected, and linear accumulation of label in cytoplasmic pGH mRNA sequences commenced by about 60 min. In the linear portions of the two curves, the rate of accumulation of radioactivity into the total pGHspecific nuclear RNA and the cytoplasmic poly(A) pGH mRNA were approximately equal (Fig. 4) , suggesting a complete conservation in the cytoplasm of pGH mRNA sequences synthesized in the nucleus.
DISCUSSION
The construction and identification of a recombinant DNA plasmid (pBR322-GHl) containing a growth hormone structural gene sequence (21) has provided specific DNA with which to analyze nuclear RNA from GH cells for possible precursors to cytoplasmic pGH mRNA.
Following a very short (5 min.) exposure of the GH., cells 3 J to H-uridine, virtually all of the label in nuclear pGH mRNA sequences was contained in a single 20S RNA species (Fig. 2) , which is likely the primary transcript or a first processed product of the rat growth hormone gene. Several points suggest the 20S growth hormone-specific RNA is a precursor of cytoplasmic pGH mRNA. First, labeling of the 20S species (Fig. 2) is detected well before significant labeling of cytoplasmic pGH mRNA sequences commences (Fig. 4) . Furthermore, most or all of the pGH mRNA sequences labeled in the nucleus appear to be conserved in the cytoplasm (Fig. 4) . Second, investigations employing longer labeling times suggested processing of the 20S RNA to pGH mRNA may occur in the nucleus (Figs. 2 and 3 ). Both the complete conservation of nuclear poly(A) containing sequences and processing within the nucleus have been documented for adenovirus mRNA (32, 33) .
The size of the 20S nuclear RNA species is estimated from its sedimentation and gel migration to be about 2.5 to 3.0 kb.
In other studies, we have shown that at least three intervening sequences separate the pGH mRNA sequences in the rat genome (34) .
Based both on that study and the present experiments, a minimum size of the transcription unit for the rat growth hormone gene would be 2.5 to 3.5 kb. These results together would indicate that the growth hormone-specific 2.5 to 3.0 kb nuclear RNA contains both the pGH mRNA sequences as well as the intervening DNA sequences within the gene. Analogous results have been presented for adenovirus-2 (35-39), SV40 (40) (41) (42) , globin (43, 44) , immunoglobulin (48) (49) (50) , and ovalbumin (45) (46) (47) genes.
